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Semiconductor Materials For Particle Detectors

Density (g/cm®) [Bandgap (eV) [Dielectric Displace-ment [

em/slV)  pairs/0.3% X

450 24k
Good e Good h Good signal
mobility mobility
C 3.5 5.5 5.7 80 13-17 1800 1200 7.2k
(Diamond) Very low Small Much less Good e Very good Low signal
leakage capacitance lattice damage mobility h mobility
current at RT
SiC 3.2 3.3 9.7 30 9 400-900 20-50 13k
Low leakage Less lattice Modest e Poor h
current at RT damage mobility mobility
Ge 5.3 0.66 16 15 3 3900 1900 16k
Hi Z, good for  Hi leakage Large Very good e Very good
hard X-ray current at RT capacitance mobility h mobility
CdTe 5.9 1.49 10 6.7 S 1050 100 6.6k
Hi Z, good for Good e Poor h Low signal
hard X-ray mobility mobility
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Why do we concentrate our efforts on Si

At extremely high radiation fluences, Si is as hard as
other semiconductor materials in charge collection
Si is by far the most used material for particle detectors for
its:
* Abundance on earth

* Mature and reproducible wafer manufacture
* Natural oxide for passivation and masking

* Mature processing technology 25000
* Radiation hardness N
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Semiconductor Detector Configurations

Spatial Mostly Used |Rad-hardness Processing Readout
Sensitivity for

Good (small area — Single-sided

small leakage
current)

Modest

Not good
(n-side not rad-
hard)

Not good
(very sensitive to

trapping)

Not good

(very sensitive to
trapping, and to
doping change)

Not good

(very sensitive to
trapping, and to
doping change)

Modest?
(very low
resistivity EPI Si)
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Radiation induced degradation in Si detectors
1. Leakage current

Introduction
rate at 20 °C

a=4-6x10"7 E =0.65eV 30
A/em
2. Bulk resistivity Vi (0= 300m)

710V 107
Si bulk resistivity increases with

Fluence and saturates near the
intrinsic value of about 300 k Qcm MV 102

3. Space charges B

% of annealed
put at 24 °C in

-3
NE-FF (cm ™=
400ohm=cm

dkokhm-cm

o

il

Faositive space charge

% of annealed
put at 24 °C in

lind

O Space charge sign inversion (SCSI): + to - =
0 Beneficial annealing (BA), T (RT) = 10 days 71v-n=}

0 Reverse annealing (RA), T (RT) =1 year
Nm~'b¢n9

T10v-10" |-

b= 0.02 for standard Si material
For 10 years LHC operation:

Total fluence: >10'5 n/cm? for pixels, and > 10' n/cm? for strips

For SLHC, it is about 10 times larger
Zheng Li Detector RD Workshop, FNAL, Oct. 7-9, 2010

Megative space charge

.
\:{

A
BAl

| F,, (n/cmé)

Low R 5i more
rad-hord at hi F

Low temp operation <-10°C
RA frozen



Radiation induced degradation in Si detectors

4. Charge collection efficiency d° —vr
cer ar Charge
At 10" n_/cm? (sLHC fluence for pixels/10 years) 1=0.2ns: 3322%329
ko _ k  distance
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* Current Rad-hard technologies (LHC and sLHC)-1

* Material/Impurity/Defect engineering
Oxygenated Si (O to getter the rad-induced defects)

Vird (V) normalised for

HTLT (BNL) 1150 to 1200 °C oxidation 4-5x10'"/cm? The rate of V, increase
DOFZ (CERN RD48) 24 t0 216 hrs in O, (or N, Uniform throughout the  with fluence reduced by
after oxidation) thickness (300 pm) factor of 2 (charged
particles only: p, 1), not n
MCZ (HIP, BNL) Crystal pulled in magnetic ~10'3/cm? The rate of V, increase
(Magnetic Czochralski) field Uniform with fluence reduced by
(~1k Q—cm n-type factor of 3-4 (charged
2k Q-cm p-type) particles only: p, 1), not n
Viq versus proton fluence measured by
C-V on BNL 1.2 - 3 k Qcm wafers
Type inversion fromntop
/
350
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300 -
. / 5= 0.0109
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* Current Rad-hard technologies (LHC and sLHC)-2

* Material/Impurity/Defect engineering

Non-conventional materials

Material type SCSI (Space charge sign  |Other rad-hard items

nversion)

Low resistivity n-type Si Delayed inversion Lower V,, at high fluence than

(BNL)

p-type Si (Liverpool, CERN No inversion
RD50)

STD high resistivity Si

Collection of e’s slightly higher
CCE than n-type

. . o e . 24 GeV proton radiation
For relatively thin (~100 pm), low resistivity (100 Q-cm) silicon, the detecto
can be fully depleted at bias of 250 V in the fluence range of ~3x10'°n/cm? 18] ¢75E15em2
The advantage of using low p Si detectors Vi (V) ‘v 16 RSt % $
in high irradiated environments &=300m = o1.1E15 em-2 %
1.E+14 100 Qcm 6800 = 14 L
_ .. W 3 g B
“g A k= S
g 1 E+13 %EEEEEEE 630 m 10 i E
5 - ]
2 — B 7 200 8 ;
1.E+12 = == 20 6 . s s
= T = | H G. Casse, 3rd Workshop on . 15 2
B o 1 SLUERET | 4 4 advance con ation Soxll L
1.E+11 Detectors (3D and P-type
z 6 kQ-cm | 6 2 1 Technologies), April 14-16, 2008
10 kQ-cm | | 0 Barcelona, Spain
LEs0] | | 0 260 4':;0 BfIJO 360 1000
1E+12 1E+13 1.E+14 1E+15 g
Neutron Fluence (n/cr) Bias [V]

Type inversion occurs at a higher fluence with lower
resistivity Silicon
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* Current Rad-hard technologies (LHC and sLHC)-3

* Detector structure engineering

Non-conventional detector structures

Detector Structure [P i Rad-hardness Dther issues

Thin detectors 2D-planar Much lower V, Low total collected

(Hamburg, MPI Etch-back may be [ ow resistivity Si  charge

Munich) required may be used (100

--- double-sided Q-cm)

Semi-3D 2D-planar 3-4 times lower V., No CCE

(BNL) Single-sided improvement at
high fluences

Early 3D 3D processing De-coupling of d  Complicate E-field

with column Double-sided with depletion profile — low field

electrodes Single-sided depth --- much regions; potential

(Hawaii/Stanford possible lower V;, much saddle points

CNM, Glasgow, improved CCE at

Trento, Sintef, high fluences

BNL)
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BROOKHAVEN Early 3D Detectors (Initial concept)

MATIONAL LABORATORY

0 p*and n* column electrodes are etched and dopants are diffused in along

the detector thickness (“3D” processing)
0 Depletion develops laterally (can be 50 to 100 pm): decoupled from thickness
o Much less V- much higher radiation tolerance

o Electrode spacing can be ~ d_ . ---- much reduced trapping

@ N n @ n !
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| | | | | |
o o [ 3D det (d=300um) Vs. 2D det
s 7 - L 2D Vs. 3D 1E16 negjem?
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b b b b LA 20000
L | | 1 [ | I 1/
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Different variants of early 3D detectors

Single-sided 3D (BNL)
True single-sided process and access
Same E-field, simple processing

Hole Conc (fcm3)
18.699

P-type substrate
9x10" n, /em?

14.024

I 9.3495
Materials:

Si0~2 = T 46747
Aluminum 7
Silicon

0

None [TonyPlot3D 3.4.1.R © Silvaco 2007 4

Weighting field -

2625

ASpe
£ : 520151%5.16‘ ;

n", the collecting s ¥
electrode column, 1

Double-sided access (CNM, Trento)---
Same E-field, separation of electrodes

1um }| Passivation
0.4um}

<—5um
P-stop p+

TEOS 2u

N+ doped

50-Oum

wnQseg-00¢

p” type substrate

p+ doped

55um pitch

G. Pellegrini, 3rd Workshop on
Advanced Silicon Radiation
Detectors (3D and P-type
Technologies), April 14-16, 2008
Barcelona, Spain
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Charge collection in early 3D detectors

+ ATLASpixelis 400pm ™ 50pum

— Different layouts available 3 column
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* New Rad-hardness Technologies-1
e Current-injected-diodes (CID) --- reduction of both V,, and trapping

RD39 CID strip detector test beam results (MIP charge)
CERN H2 muon, 225 GeV/c (-52 °C (221K))

20000

N @
S 8
o o

8000

Collected Charge (e's)

4000

& Strip det data A CID fit

3X10% n, /cm? _

A

A _¢o—2»

v ¢ ¢

1
r

t,e

—=n 0, = 5% 10" em?® /s 00 "

~ No trapping

reduction

100 200

300

Bias (volts)

400 500

600

CERN RD39 Status Report, 94th LHCC open session, 19th November 2008, CERN
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Larger 7, for
electrons

used to fit CID
data

T, = 6.67 ns as
compared

0.667 ns with no
injection

(hole trapping stays
the

Same)

Election injection
makes

trapping 10 times
smaller!



* New Rad-hardness technologies-2
* Charge multiplication

Signal vs. Bias Voltage
+ highest voltage limited by breakdown

= 100 % CEE seen also after 3x10'% n/cm?2

= 15000 electrons after 1x10' n/cm? T ~ -20°C

Esuuuu_l LI | ! [ | ! [ | ! [ | ! [ | ! [ I ! [ I : [ I | [ | || 1 ] I_
E - f f f f :- : 1 300 pm |
D25000( ——
7 u .
2 - .
& 20000 o]

o - Measured at

e T  T=-40°C
v 15000 ]
=} P
= ; : : =
u tIJ 5e14 nicm —
___________ Kyl vt av=1eetsnion
SO0 T Y g2 315 nicm ]
- : ! f ¥ ®=1e16 nicm’ -
(10 | AT I A | L1 | L1 l o by b [

% 200 400 600 800 1000 1200 1400 1600 1800 2000
Bias Voltage [V]

|. Mandi¢, RESMDDO08, Florence, Italy, 15" -171" October 2008 7
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Fluence dependence of CCE

Si ng le peak rnodel V. Eremin, RD 50 Workshop, Freiburg, 3 — 5 June, 2009

CCE(F)
1.6
NonP 14 —»— muiltiplication
d =300um 1.2 —+— no multiplication {
£
V = 1000V A e e /
. @ 0.8
B=1.7e2 cm! Yy o . ]
e AN .
0 ~< | ™~ Work in a non-
o T stable region is
1E+13 1E+14 1E+15 1E+16 g
Fluence, cm-2 alSO an issue

CCE and currents after neutron irradiations
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June 2009.
How to make the leakage current not being the dominant noise, and therefore control
the S/N ratio remain a issue Zheng Li Detector RD Workshop, FNAL, Oct. 7-9, 2010



* New Rad-hardness technologies -3

ov

* New 3D-Trench electrode detectors (Z. \Y%
Li, 10/2009 BNL)
or Independent Coaxial Detector Array oV
(ICDA)
US Patent pending (Prov. Applic. No. 61/252,756) oV
PCT to be filed by 10/19/2010 (1004305-027WO)
n+
column
e|h
«—0|0—>
p+
trench «—e|0—>
Mask set has been design and made ol
* Processing of the first prototype batch
will start in 10/2010 at CNM «—o|o—>
* First prototype batch will be ready for
testing in May 2011. k—eojo—>
—0|0O—»
-V
'
n-type bulk
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3D simulations of electric field
Hexangular shape

ATLAL
[ata from hewagon devedin, 300 _new-TY sir

ATLAS
Data from hecagon_devedit. 300_column_p-

: n" High E-field

o

Lpail

Tl
o PR
e

e et

1E16 neglem2, b=0.01 cm-1, Vfd=59 V e R e L

3D-Trench-ORJ, R = 40 um 3 0E+05 E%Eﬂ'uji"“b" b, VR |
Central +05 4
6.E+04 slectrode T e Low E-field
—\d+50V = - - V20V — — 5 2.0E+05 -
g 5EH04 ] =
§ 1Es01 = 1.5E+05 - .
= JE=+04 Outer | E il geu:ﬂlrmg
o Trench i
2 2 E+04 SR 5.0E+04 i .
1E+Ud1. b j 0.0E+00 e T — 1
0.E+00 , ; : , , 0 0002 0004 0.006
0.E+0 1.E03 2.E-03 3E-03 4.E-03 5.E-03 P Radius (r, cm)
BNL 3D-Trench (Trench Junction) BNL 3D-Trench (Column Junction) Early 3D
Full depletion voltage (150 pm electrode spacing):
8 V, very uniform 52 V, uniform =52 , very non-uniform
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Comparisons of various technologies

25000 ‘
B Diamond W. Adam et al. NIMA
T 565 (2006) 278-283
® 3D Silicon C. De Via et al.
L March 06
20000 B CID Strip #n-onp strip P. Allport et
® al. IEEE TNS 52 (2005) 1903
n—onn pixels CMS T. Eohe et
al. NIMA 552 (2008)232-238
® CID-Strip—RD39 (221K)
-
115000 [ #®
2 N
— . 3D-Trench
E [] [ ] ® prediction
2 10000 | ® P
nonp
] ® strip
¢ K/(multl.)
5000 | '\ '\ P
nonp Early 3D |
strip l
0 I I I I I iamond
0 0.2 0.4 0.6 0.8 1 1.2 1.4

Fluence [10716 n/cm 2]
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Possible Si pixel detector solutions for sSLHC’s most inner region

and future colliders

Solution

CCE improvement due to

Technology/
implementation difficulties
(Time scale)

Replacement every 1-2 years

New detectors

Hard to access the inner region
(Available)

Early 3D Si detectors

Small V,
Small drift distance ¢

Complicated processing technology
Complicated E-field profile
(Available)

Fixed electric field (small bias)
Freezing traps (low trapping)
Low leakage current

Difficult to implement cryogenic
system, more R&D needed

(2-5 years)

Elevated temp annealing

(MCZ Si only, T, 400 °C)

Annealing out of defect levels related
to:

Leakage current, space charges
and trapping

Difficult to implement annealing in a
full detector system, more R&D
needed

(laser, microwave, leakage current
itself, etc.)

(3-5 years)

New 3D-Trench-Electrode
detectors

Very Small V,

Small drift distance ¢
Near-uniform E-field profile

Complicated processing technology
(3-7 years)
Just started, much more R&D needed




* Detector Processing Facilities -1

University and National Labs

Main afer size
Material

BNL Pixel, Strip/Stripixel Si 4”, 6” US ATLAS
USA SDD, AMPS CERN RD39
3D (Development, CERN RD50
simulation, and RHIC
design) (X-ray det for
photons)
CNM Pixel, Strip, 3D Si 4” ATLAS
Spain CERN RDS50
HIP Pixel Si 4” CMS
Finland Strip CERN RD39
CERN RDS50
LBL Fully-depleted CCD, Si, Ge 4” X-ray
USA Strip Astrophysics
MPI Pixel, Strip, SDD Si 47, 6” X-ray
Halbleiterlabor AMPS, DEPFET Astrophysics
Germany
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* Detector Processing Facilities -- 2

Commercial

Main afer size
Material Physics related

CiS-MSP Pixel, Strip Si 4” CERN RDS50
Germany
FBK-IRST Pixel, Strip, 3D Si 4”,6” CERN RDS0
(Trento)
Italy
Hamamatsu Pixel, Strip Si 4”, 6” LHC/sLHC
Japan (No double-

sided)
KETEK SDD Si 47, 6” X-ray
Germany AMPS
Micron Pixel Si 4”, 6” CMS
Semiconductors Strip CERN RD39
UK CERN RDS50
SINTEF Pixel, Strip, 3D Si 4”,6” ATLAS
Norway

Zheng Li Detector RD Workshop, FNAL, Oct. 7-9, 2010



* (Collaborations between US National Labs and universities

Past and current

BNL, FNAL, U. NM, Rad-hard Si detectors,2002-2009
Purdue, Rochester, Semi-3D Si detectors
Rutgers, Syracuse

US ATLAS (various New detectors for On-going
institutes) LHC Upgrade

Possible future collaborations

BNL, FNAL, U. NM, Rad-hard Si detectors,Discussions at
Purdue, Rochester, New 3D-trench Si this workshop

Syracuse detectors
BNL, Argonne, FNAL New detectors for Already under
Photon science discussion
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Summary and Future Needs
0 Radiation-induced damages cause detector electrical properties to

degrade:
" increase of detector leakage current
" compensation of Si bulk (intrinsic bulk resistivity)
" increase of negative space charge during radiation and annealing
" reduction of collected charge due to trapping
0 Conventional technologies may be rad-hard enough for LHC
0 Oxygenated Si and MCZ Si
o Early 3D Si detectors

0 To obtain ultra high radiation hardness/tolerance for sLHC, much more
R&D are needed for new technologies:

" New 3D-Trench-Electrode Si detectors --- much better E-field profile and
larger O and CCE --- Just started: much more work needed in fabrication
and testing

" 3D integration of electronics and detectors --- interconnections: --- More
work needed in wafer bonding, SOI, TSV, etc. (FNAL, BNL, LBNL, etc.)
"Current injected diodes (CID) operated at low temperatures for
increased O and CCE --- More work to implement low T system

" Study of charge multiplication in heavily irradiated detectors --- large Q
and CCE --- More work needed to control S/N Zneng Li Detector RD Workshop, FNAL, Oct. 7-9, 2010
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MATIONAL LABORATORY

Si is by far the most used material for particle detectors for
its:

* Abundance on earth

* Mature and reproducible wafer manufacture

* Natural oxide for passivation and masking
* Mature processing technology

* Modest radiation hardness CMS\

100 ¢ T T T T T T

° ATIAS O

* LHC Experiments: B L L’
~— DO ~ 3
a 3
 ATLAS S il cop 7 ST (pTias ]
2 [ ] G.) /D ‘/Z(PS 3
* 1.7 m? pixel detectors 2 ool A vy Ay
2 . ' ?Microst;ip, SLDO'O . D
* 61 m’ strip detectors (SCT) « - Ry des _-
. CMS
* All Si Tracker: over 200 m*> & . CcCD: :
. A - f o) ;
* SLHC: All-Si-tracker wsf PR
1975 1980 1985 1990 1995 2000 2005 2010
Year

J Takahashi, et al, NIM A461 (2001) 139-142
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MATIONAL LABORATORY

_ Radiation Distribution for ATLAS Inner Detectors

(1 MeV neutron equivalent /cm?/year)

-
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For 10 years LHC operation:
Total fluence: >10'> n/cm? for pixels, and > 10" n/cm? for strips

For SLHC, it is about 10 times larger
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O

Clearly charged
particle (p, 1T etc.)
dominate,
especially at
closer distances

ATLAS Tech. Design Report, 1997



Radiation induced degradation in Si detectors

3. Space charges

0 Space charge sign inversion (SCSI): + —
0 Beneficial annealing (BA), T (RT) =10 days
0 Reverse annealing (RA), T (RT) = 1 year

V,, (d=300m)
710V 10"

71V 10

71V -10'¢

710 V-101°
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Planar(2d) detector, uniform charge
distribution

Planar(2d) detector
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Very little effect of Q on bias voltage V for V > 900 volts near 10" n_/cm?

Very little effect of Q on detector thickness d for d> 100 um near 10’ n_/cm?
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* New Rad-hardness Technology
* Current-injected-diodes (CID)

* CERN RD39
0 Cryogenic temperature operation (-130 to -40 °C)

0 Leakage current not a factor
Both trapping and /V,, reduced —> CCE increase

Simulation :@,=1.4-10%cm2; 1'=210 V.

30 T T T T T T
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Bump-bonding technology

Pixellated semiconductor detector

S
......................................... s HEHH
T e P

Bump-bonding (In) Readout chip

Solder bumps on a fluxless MCNC
detector

S. Cihangir, S. Kwan
NIM A 476 (2002) 670—-675

One pixel element
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AN

ecion potential \ N\

E. Gatti and P. Rehak, “Semiconductor Drift Chamber” — An
application of a novel Charge Transport Scheme”, Nucl. Instr.
and Meth., A 255, pp. 608-614, 1984.
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~10° pixels
on 10x10cm=

pt+ implanted layer



DEPFET amplifier

depleted

J. Kemmer, G. Lutz, “New semiconductor detector concepts,”
Nucl. Inst. Meth. A 253, pp. 356-377, 1987.

H. Kruger, Nuclear Instruments and Methods in Physics Research A 551 (2005) 1-14
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MAPS-CMOS

APS Argonne Nat. Lab., December 8-9 2005 Grzegorz DEPTUCH

CMOS IMAGE SENSORS IN HEP - MAPS

» Operation principle of photodiode MAPS

Monolithic Active Pixel Sensors (MAPS)

INCIDENT(PHOTONS

CHARGED PARTICLE 7

|
ELECTROSTATIC POTENTIAL.

operation:

» signal generated in epitaxial layer (low doping)
Q=~80e h*/um =~1000e",

» charge collection through thermal diffusion,

» signal sensed as voltage drop on N-WELL

structure proposed for visible light anodes,
allowing 100% detection efficiency (tracking!) » reflection bondaries at P-WELL and P-SUB.
ADVANTAGES:

Zheng Li Detector RD Workshop, FNAT, O¢t. 729, 200107



MAPS-SOI

J. Marczewski et al., NIM A 549 (2005) 112-116

metal 2,

PMOS
transistor

NMOS
transistor

—— —_  Seee————— 1) X |

— 4~ DaCk side

metallization
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